Abstract -This paper presents a comparative study on motor characteristics with specific consideration of radial vibration force in interior permanent magnet synchronous motors (IPMSM) according to pole/slot combinations. Three IPMSM models, 16-pole/15-slot design, 16-pole/18-slot design and 16-pole/24-slot design are built, in which 16-pole/15-slot and 16-pole/18-slot designs provide high winding factor and 16-pole/24-slot design is known as a general pole/slot combination. By coupling finite element analysis (FEA) with equivalent circuit method, motor characteristics, back electro-motive force (Back-EMF), inductances, cogging torque, etc. as well as machine output performances are analyzed and compared. The radial vibration force (RVF) distribution in air gap causing stator vibration and noise is interested. It is expected that this study help with appropriate choice of pole/slot combination in IPMSM design.
Introduction
Permanent magnet machines have wide applications because they offer excellent maintainability, controllability, and environmental endurance while providing high-efficiency operation with high power factor [1] . Especially, the interior permanent magnet synchronous machine (IPMSM) produces higher power density since it can utilize both magnetic torque and reluctance torque, and provides wide speed range by field weakening control. Recently, more and more interests are attracted on IPMSM researches.
It is known that the choice of pole/slot combination in IPMSM design will significantly affects machine characteristics as well as winding configuration. The winding layouts of motor generally are divided into concentrated winding and distributed winding. The concentrated winding design has advantages of short end-coil and simple structure suitable for high volume automated manufacturing in comparison with the distributed winding [2] , however, it has problems of general lower winding factor, higher torque ripple and cogging torque than distributed winding design, which need more attentions to be paid in detail design.
However, by choosing an appropriate pole/slot combinations in concentrated winding design, the winding factor, torque ripple and cogging torque can be significantly improved before machine detailed design. On the other hand, some motor characteristics also can be affected undesirable. In some fractional pole/slot combinations, if the machine has parallel circuits, that induces circulating current and results in increasing of electric noises and additional copper loss, which should be considered seriously in motor design.
Noise and vibration are important characteristics must be concerned in the IPMSM design. Table 2 Winding Factor According to Pole/Slot Combination
Analysis Method
In this study, for predicting performance characteristics of IPMSM, an well-accepted d-q axis equivalent circuits method is adopted, particularly the iron core losses consideration is included by using equivalent resistance Rc, as presented in Fig. 3 . The mathematical model is given by equations (1), (2), and (3).
Voltage Equation:
Torque Equation:
where , 
Radial Vibration Force
In this study, machine vibration is separately considered with the machine characteristics in IPMSM design. The vibration forces generate magnetic noise are mostly the radial forces [3] . The RVF due to the radial magnetic flux pressure acts on the stator causing vibrate and noise. RVF are attractive forces between the stator and rotor while tangential forces act on the rotor to produce torque. Generally, magnetic field of rotation machines can cancel out each other due to symmetric windings configuration, in contraste, the asymmetry windings configuration results in unbalanced magnetic field distribution, as Fig. 9 shows. where σ is RVF density, θ is the angular coordinate, t is the time,   is the permeability of free space, and   is the radial component of the air gap flux density, respectively. 
